Geochemical evidence suggests that the primary terminal electron acceptors for organic matter decomposition in anaerobic sediments are nitrate, Mn(IV), Fe(III), sulfate, and carbon dioxide (40) . It is frequently reported that there are distinct zones in sediments in which the metabolism of organic matter is coupled to the reduction of only one of these electron acceptors at any one time (13, 17, 39, 40) . Microorganisms or microbial consortia which can completely metabolize organic matter to carbon dioxide with nitrate (36, 48) or sulfate (8, 37, 45) as the sole electron acceptor have been isolated, as have consortia which can completely convert organic matter to carbon dioxide and methane (54) . Microorganisms which can completely oxidize organic matter with Fe(III) or Mn(IV) as the sole electron acceptor have not been previously reported.
Numerous bacteria which reduce Fe(III) during growth on organic substrates have been described (23) . However, quantitative studies on electron donor metabolism and Fe(III) reduction (18, 19, 31, 32, 41) have suggested that previously described Fe(III)-reducing organisms use Fe(III) reduction as a minor pathway for the disposal of electron equivalents (23) . Fermentation is their major mode of metabolism. In a similar manner, previously described Mn(IV)-reducing isolates (11, 31, 32, 50) also appear to have a primarily fermentative metabolism. It can be calculated from the data of those studies that less than 5% of the reducing equivalents in the glucose metabolized were transferred to Mn(IV) reduction. It has recently been reported that Alteromonas putrefaciens can reduce Fe(III) (42) or Mn(IV) (C. R. Myers and K. H. Nealson, Science, in press) during anaerobic growth. However, lactate is the only organic electron donor known to support iron reduction in this organism, and lactate is only incompletely oxidized to acetate (42; unpublished data). Thus, previously described Fe(III)-and Mn(IV)-reducing organisms cannot account for * Corresponding author. the complete oxidation of organic matter coupled to Fe(III) or Mn(IV) reduction because their metabolism results in the accumulation of fermentation products.
Environments in which microorganisms oxidize organic matter with Fe(III) or Mn(IV) as the sole electron acceptor can only be established if the microorganisms gain energy for maintenance and growth from these reactions. Fe(III) or Mn(IV) reduction may be linked to electron transport chains in some organisms (2, 9, 10, 14, 18, 22, 34, 35, 43, 50) , but none of these organisms has been shown to derive energy for growth from Fe(III) or Mn(IV) reduction. The addition of Fe(III) did increase the growth yield of a malate-fermenting Vibrio sp. (19) . However, most of the increased cell yield had to be attributed to some factor other than Fe(III) reduction because the amount of Fe(III) reduced could have accounted for, at most, a minor increase in cell yield (19) . The finding that a Pseudomonas sp. could grow by coupling the oxidation of hydrogen to the reduction of Fe(III) (3) does demonstrate that energy for microbial growth can be obtained from dissimilatory Fe(III) reduction.
We are studying the microbially catalyzed reduction of Fe(III) and Mn(IV) in near surface and deep subsurface sedimentary environments to more fully understand the factors influencing the geochemistry of iron and manganese in aquatic systems. Previous studies suggested that sediments of the Potomac River contain microorganisms which completely oxidize organic matter to carbon dioxide with the reduction of Fe(III) or Mn(IV) (25, 26, 28 ; D. R. Lovley and E. J. P. Phillips, submitted for publication). Here we describe an isolate from these sediments which grows under anaerobic conditions by oxidizing organic compounds to carbon dioxide with Fe(III), Mn(IV), or nitrate as the sole electron acceptor.
MATERIALS AND METHODS
Source of organism. As previously described (25) Cell counts in Mn(IV)-reducing cultures were made by epifluorescence microscopy. Samples (0.3 ml) were fixed with glutaraldehyde (2.5% final concentration), and 5 ml of 0.25 N hydroxylamine hydrochloride in 0.25 N HCI was added to dissolve solid manganese. A subsample (0.1 to 0.5 ml) was diluted with particle-free medium to give a final volume of 2 ml. A particle-free acridine orange solution (0.2 ml) was added to give a final acridine orange concentration of 0.01%. After 2 min, the sample was filtered onto a black Nuclepore filter (0.2-p.m pore diameter). The filters were observed under oil immersion (x 1,000) with a Zeiss microscope.
To measure production of carbon dioxide, we quantified the amount of carbon dioxide in the headspace of the culture and the total dissolved inorganic carbon at an initial and final time point in five cultures. Dissolved inorganic carbon was measured by removing a subsample (1 ml) and injecting it into an N2-filled anaerobic pressure tube containing 0.25 ml of 85% phosphoric acid. The carbon dioxide released was allowed to equilibrate with the headspace and then quantified. Carbon dioxide was measured by gas chromatography as outlined below.
Analytical techniques. With the exception of the stoichiometric studies on acetate metabolism with amorphic Fe(III) oxide, Fe(II) production was monitored by measuring the accumulation of HCl-soluble Fe(II) over time. As previously described in detail (26) , the amount of Fe(II) that was soluble after a 15-min extraction in 0.5 N HCl was determined with ferrozine.
For the stoichiometric studies on acetate metabolism with amorphic Fe(III) oxide, Fe(III) and Fe(II) were determined by a modification of the anaerobic oxalate extraction method (38) . Subsamples (ca. 0.1 ml) of the culture were injected into preweighed serum bottles (10-ml capacity) that were covered with aluminum foil to exclude light and had an N2 headspace. The weight of the added culture was determined. The oxalate extractant (5 ml) was added, and after 30 min, the oxalate-extractable Fe(III) and Fe(II) were determined as previously described (38) .
Mn(II) production was estimated by measuring the accumulation of manganese soluble in 0.5 N HCI over time. For the initial time point, subsamples (ca. 0.1 ml) were removed from the tubes and placed into preweighed vials containing 5 ml of 0.5 N HCI. The weight of the added sample was determined. After 10 min, the sample was filtered (Nuclepore filter, 0.2-p.m pore diameter) and the manganese concentration was determined by atomic absorption spectrophotometry with an acetylene flame. For subsequent time points, concentrated HCI (0.4 ml) was added to replicate culture tubes to give a final HCI concentration of 0.5 N. After 10 min, the acidified culture medium was filtered (Nuclepore filter, 0.2-pum pore diameter) and the manganese concentration in the filtrate was determined. MnCO3, which was the primary form of Mn(II) in the cultures, was completely dissolved by the HCl, and less than 10% of the MnO2 was extracted by the treatment. The initial concentration of Mn(IV) in the culture tubes was determined by taking subsamples (ca. 0.1 ml), dissolving the Mn(IV) in a solution (5 ml) of 0.25 N hydroxylamine hydrochloride in 0.25 N HCl, and measuring the manganese content.
Acetate, nitrate, nitrite, and ammonia analyses were conducted on filtrates (Gelman filter, 0.45-pum pore diameter) of the cultures. Acetate concentrations were determined by gas chromatography as previously described (25 (Fig. 2 and 3 (Fig. 3 ; Table 1 ). The reported cell numbers in the later stages of growth may be underestimates. The cells aggregated extensively as the culture grew, and this made counting the individual cells difficult, even by scanning electron microscopy. Cell numbers decreased dramatically after Fe(III) reduction stopped.
As previously described (29) , the Fe(II) resulting from the reduction of amorphic Fe(III) oxide was primarily in the GS-15 readily reduced a natural amorphic Fe(III) oxide form. However, more crystalline ferric oxides were poorly reduced even with extended incubation (Table 3) .
Acetate metabolism and growth with Mn(IV) reduction. When Fe(III)-or nitrate-grown cells were inoculated into FWA-Mn(IV) medium, the brown precipitate of MnO2 at the bottom of the culture tube was converted to a white precipitate within 1 week. X-ray diffraction analysis indicated that the white precipitate was the Mn(II)-containing mineral rhodochrosite, MnCO3. MnO2 was not reduced to Mn(II) in uninoculated media. GS-15 was subcultured through more than 10 transfers (inoculum of 10% or less) through FWAMnO2 medium with continued active reduction of MnO2.
The reduction of Mn(IV) was associated with acetate metabolism and cell growth (Fig. 5) . After Mn(IV) reduction was completed, there was a significant decline in cell numbers as was seen in cultures with Fe(III) as the electron acceptor. The Mn(IV) in the culture medium was completely reduced to Mn(II) (Fig. 5) . The metabolism of acetate coupled to the reduction of Mn(IV) was consistent with reaction 3 (Table 2) in which the oxidation of 1 mol of acetate results in the reduction of 4 mol of Mn(IV) to Mn(II). The Mn(II) produced combines with the carbon dioxide produced and carbon dioxide in the culture medium to form MnCO3. Acetate metabolism and growth with nitrate reduction. GS-15 grew well in liquid medium with acetate as the sole electron donor and nitrate as the sole electron acceptor (Fig.  6 ). results indicate that GS-15 is a strict anaerobe. GS-15 grew readily (as evidenced by active FE(III) reduction) in a highly reducing medium which had been prepared by boiling the FWA-Fe(III) medium under N2-C02 and then reducing it with the addition of L-cysteine hydrochloride (0.25 g/liter) and sodium sulfide (0.25 g/liter).
GS-15 reduced amorphic Fe(III) oxide with ethanol (20 mM) as the electron donor at a rate comparable to that with acetate. Slower rates of reduction of amorphic Fe(III) oxide were observed with butyrate (20 mM) or propionate (20 mM) as the electron donor. Glucose (20 mM), malate (20 mM), fumarate (20 mM), elemental sulfur (ca. 1 g/liter), methanol (20 The width of the arrows is indicative of the relative quantity of carbon and electron flow proceeding by that pathway. action 6) or from the conversion of acetate to methane (reaction 7) , two reactions known to support growth of microorganisms (37, 54) . The actual amount of energy that is potentially available from acetate metabolism coupled to Fe(III) or Mn(IV) reduction in the culture tubes is as yet unknown. The speciation of the iron and manganese forms in the cultures was undoubtedly much more complex than as written in the reactions in Table 2 . The concentrations of the reactants and products were far from standard conditions. The steps of the iron and manganese transformations from which GS-15 can obtain energy are also unknown. For example, the formation of magnetite from Fe2+ and amorphic Fe(III) oxide is exergonic at pH 7 (reaction 8). Magnetite does not form from Fe(II) and amorphic Fe(III) oxide in FWA-Fe(III) medium in the absence of GS-15 (29) . However, the catalytic role of GS-15 in magnetite formation and whether it can gain energy from this reaction is not known.
It is hypothesized that the mechanism for the generation of cellular energy with Fe(III) and Mn(IV) is an electron transport chain coupled to an Fe(III) or Mn(IV) reductase(s). This is currently under investigation.
Complete oxidation of organic matter with Fe(III) or Mn(IV) reduction. Fe(III) reduction is an important process for organic matter decomposition in some recent sediments (1, 23, 26) , and Fe(III) may have been the major electron acceptor for the oxidation of organic matter in some ancient sedimentary environments (52) . The preponderance of evidence suggests that microorganisms are the catalysts for the oxidation of organic matter coupled to the reduction of Fe(III) in sedimentary environments (23) . However, before the isolation of GS-15, there was no organism which could serve as a model for the mechanisms by which microorganisms could completely oxidize organic matter with Fe(III) or Mn(IV) as the sole electron acceptor. As discussed in the Introduction, previously described Fe(III)-and Mn(IV)-reducing bacteria oxidized little of their substrate to carbon dioxide. Fermentation acids, ethanol, and hydrogen were the major products of their metabolism.
The ability of organisms to couple the oxidation of acetate to Fe(III) or Mn(IV) reduction was predicted by earlier studies. The oxidation of [2-14C] (20) . Acetate added to Fe(III)-reducing sediments was shown to be rapidly consumed (28) with the stimulation of Fe(III) reduction (25) . Enrichment cultures that reduced Fe(III) (25) or Mn(IV) (7, 55) with acetate as a potential electron donor were previously reported.
GS-15 uses only a restricted number of organic acids and ethanol as electron donors for Fe(III) reduction. The electron donors for its metabolism are typical fermentation products of other organisms, including the previously described Fe(III)-reducing organisms which metabolize fermentable substrates (19, 41) . Because of our difficulty in enriching for an Fe(III)-reducing organism which can completely oxidize glucose to carbon dioxide without the accumulation of fermentation products (25; unpublished data), we propose that the complete oxidation of complex organic matter coupled to Fe(III) reduction may require the cooperation of a consortium of Fe(III)-reducing organisms (Fig. 7) . In this model, organisms with a primarily fermentative metabolism initially metabolize the complex organic matter in the sediments. The fermentative organisms primarily produce fermentation products, but some of them may also reduce minor amounts of Fe(III). Most of the organic matter oxidation and Fe(III) reduction takes place in the second stage of metabolism when a separate group of bacteria oxidizes the fermentation products with the reduction of Fe(III). This model is similar to that for sediments in which sulfate reduction is the terminal electron-accepting process for organic matter oxidation (53) .
Similar models may also apply to sediments in which Mn(IV) reduction or dissimilatory reduction of nitrate to ammonia is the terminal electron-accepting process. With the exception of the recently isolated Desulfobacter catecholicum, all the previously known dissimilatory nitratereducing organisms incompletely oxidized their substrates (48) . Although organisms such as D. catecholicum and GS-15 can completely oxidize organic acids with dissimilatory nitrate reduction, in aquatic sediments where most readily degradable organic matter is in the form of complex carbohydrates and proteins, these organisms would be dependent on the metabolism of others to supply most of their substrate.
Geochemical significance. The finding that microorganisms can effectively couple the oxidation of organic matter to the reduction of Fe(III) and Mn(IV) is of geochemical significance to processes other than organic matter diagenesis. For example, the reduction of amorphic Fe(III) oxide to ultrafine-grained magnetite by GS-15 has important implications for paleomagnetic studies as well as for understanding the accumulation of magnetite in ancient iron formations and near hydrocarbon deposits (12, 29) . The results presented here demonstrated that Fe(III) reduction by GS-15 does not always result in magnetite production, and further studies on the factors controlling magnetite production are required.
The reduction of Fe(III) and Mn(IV) greatly influences the quality and chemistry of surface water and groundwater by increasing the concentrations of dissolved iron and manganese and by releasing phosphate and trace metals bound to Fe(III) and Mn(IV) oxides (6, 16 In summary, although geochemical evidence had previously suggested that organic matter could be completely oxidized to carbon dioxide with Fe(III) or Mn(IV) as the sole electron acceptor, the isolation of GS-15 has provided the first example of a microbiological mechanism for these reactions. The characteristics of this organism do not appear to be consistent with any previously described genus of bacterium. Preliminary results indicate that organisms with a similar metabolism may be isolated from brackish water estuarine sediments (25) and deep subsurface environments (D. R. Lovley and F. Chapelle, unpublished data). Further studies on these organisms and GS-15 are required before it will be appropriate to attempt to classify them taxonomically.
